This article researches the current condition and problems of ecological security in coal mine areas. It adopts the pressure, status and response (P-S-R) model as its framework, establishes a coal mining area ecological security evaluative index system, which is divided into three layers: the target layer is ecological security status, the principle layer is the pressure, status and response of ecological security, the solution layer contains the corresponding measuring indices (altogether 27). It then adopts analytic hierarchy process (AHP) and fuzzy comprehensive evaluative method to establish an evaluative index model of coal mining area ecological security. It first calculates the weights of various factors in the model by AHP and then concludes the model evaluation by fuzzy comprehensive evaluation. This article uses a coal mine of a Zhengzhou Coal Mining Group as the object of analysis, conducts questionnaire and interview, and then applies the model established by this article to evaluate its ecological security, which results in a V3 level (ordinary level) in its ecological security.
Introduction
As we all know, 95% of China's primary energy and 80% of industrial raw materials are provided by developing mineral resources. According to 'China Coal Peak Prediction Report', by 2020 the total coal demand in China will reach a peak of 4.1 to 4.7 billion tons per annum (Meijing Net, 2014) . Continuous coal mining guarantees national economic development, but also causes severe damages of air, water, land, other natural resources and biodiversity in coal mining area, and triggers landslides, avalanches and other natural disasters. Through the establishment of a scientific security evaluation model of ecological security in coal mining areas, we can timely monitor and evaluate ecological security, alleviate the increasing conflict between economic development, coal mining and environmental protection.
China began its research in the 1990s, in response to the increasingly serious environmental security problems. It has formed a relatively complete theoretical system in some areas, such as Zhu et al.'s (2014) evaluation and early warning based on the 3S technology for ecological security in wetland, Pei et al.'s (2014) evaluation study on land ecological security, Ni et al.'s (2014) research of ecological security in the Changbai Mountain range. However, these scholars mainly research national, provincial, municipal and other administrative areas and grasslands, lakes, wetlands, land and other natural areas. There is little research in the ecological security evaluation of coal mining areas. Some scholars carry out research from the perspective of environmental protection, detection and repair, such as Dong et al.'s (2014) evaluation of coal mining area land ecological quality based on TOPSIS, Ma's (2012) research on supervisory management mechanism, Ji's (2010) research on evaluative methods, but these are all targeted at a particular aspect of coal mining area ecology, and have their limits in perspective. This article focuses on the uncertainty and incompleteness of measuring indices, and combines quantitative and qualitative research to establish a scientific evaluation index system and evaluative method. It has been applied to the ecological security evaluation of a coal mining area of Zhengzhou Coal Group, Henan, to testify the validity of the model, and can provide decision support for the healthy operation of the ecological system in the area and for the sustainable development of coal mining companies.
Theoretical literature review of coal mining area ecological security

Definition of ecological security
The concept of ecological security was proposed in 1989 by the International Institute for Applied Systems Analysis (IASA) when proposing for establishing a global ecological security monitoring system. Since then, many scholars described its basic concepts and content from different angles, but so far have not yet reached a common definition of (Dobson et al., 1997; Norton et al., 1992) . Rogers (1999) raised from the level of the nation the notion that ecological security is a vital part of national security and social stability, and is a state that the ecological environment necessary for the survival and development of a nation is not or seldom damaged or threatened, i.e., the natural ecological environment can meet the demand for mankind and community's continuous survival and development while at the same time not damaging the potential of natural ecological environment. Mark (2000) divided the human security network system into population security subsystem, political security subsystem, cultural security subsystem and ecological security subsystems. Obi (1997) noted that ecological security and national security are closely related. Helman and Ratner (1992) argue that in spite of the threat of war, the origin of disputes is gradually shifting from military to environmental issues. Dennis (2014) pointed out the need for maintaining the ecological security balance on the basis of four balances: the balance between human beings and the natural environment, balance the different ethnic categories, human and non-human populations as well as balance between human and pathogenic microorganisms balance. Xiao et al. (2002) linked ecological security to maintenance level and define ecological security as the level of maintenance in which mankind's production, life and health are not threatened by ecological damages and environmental pollution. Qu (2002a) combined his research with the real situations in China and proposed that ecological security includes two aspects: one is to prevent the deterioration of ecological environment which may threaten economic foundation, and the other is to prevent people's discontent caused by environmental problems.
These scholars proposed various definitions of ecological security from different perspectives. Generally speaking, there are two different concepts of ecological security: the special one and the general one. Special ecological security is based on nature and semi-natural ecological security, which is fundamental for the survival of the human world. It reflects the completeness and health of the ecosystem. General ecological security is typically represented by the one proposed by IASA in 1989, which refers to the unthreatened state of man's life, health, well-being, fundamental rights, life insurance, necessary resources, social order and man's adaptive capability, and includes natural, economic and social ecological security.
Despite the differences in the definition, a consensus has been reached on its connotation and extension, which includes (Yang, 2010): 1 It is an indispensable state of man's surviving environment or condition.
2 It is relative. There is no absolute security but only relative security. It is comprised of various factors, which satisfy the living and development of human beings differently.
4 It is manageable. We can restore it through handling and reconstruction of coal mine ecology.
5 It has limits. When damage exceeds a certain limits, it is almost impossible to restore.
Fundamental principles of AHP-FCE
Analytic hierarchy process (AHP)-fuzzy comprehensive evaluation (FCE) combines AHP and FCE. The first part is AHP, and the second part is FCE. First, we adopt AHP to calculate the weights of various factors of the model, and then we adopt FCE to finish the evaluative work of the model. The combination of the two can enhance the robustness and effectiveness of the evaluation (Wang, 2005) .
AHP was proposed by US operational researcher Saaty in the 1970s. It is a multi-target decision analysis method that combines qualitative and quantitative analysis. The main idea is to resolve complicated problems into several layers and factors; compare the importance of various factors, set up a decision matrix, and then calculate the largest feature value of the matrix and its corresponding feature vector, and obtain the weights of different solutions, so as to provide support for optimal solution (Guo et al., 2008) .
FCE is a very commonly used and effective fuzzy mathematic method (Zhu, 2006; Gan and He, 2006; Zhang, 2005) . It applies the principle of fuzzy transformation and largest membership, considers the various factors related to the evaluated object, so as to evaluate the target.
AHP-FCE has been widely used in the evaluation of corporate soft index system, regional investment environment, corporate job and performance (Yan and Du, 2004) .
Basic procedure of AHP
The procedure of AHP includes five steps as shown below (Zhao and Li, 2013 ):
1 Establish a layered structure model There are usually three layers in a structure model: the target layer, principle (factor) layer and solution layer. Factors on the same level have influence on those on the upper layer, and determine those on the next layer. The target layer is the highest layer, usually with only one factor. The bottom layer is usually the solution layer. The principle layer may have more than one layer. When there are too many factors, we can set up sub principle layers and establish their relationships.
Judging matrix
From the second layer, we can setup up judging matrix A of factors on the same layer by using paring and comparison till the last layer.
A a n n a a a i j n … In matrix A, a ij indicates the importance of factor i and j compared with factors on the upper layer, a ji indicates the importance of factor j compared with factor i, and a ji = 1/aij. For the value of a ij , Saaty and other scholars suggested using numbers from 1 to 9 and their reciprocals as scales, which are shown in Table 1 . Table 1 Implications of scales 1-9
Scale Implication 1 Indicates the two compared factors have the same level of importance 3
Indicates the former factor is a bit more important than the latter 5
Indicates the former factor is obviously more important than the latter 7
Indicates the former factor is by far more important than the latter 9
Indicates the former factor is extremely more important than the latter 2, 4, 6, 8 Indicates the median value Reciprocals If factor i's importance is a ij compared with factor j, then factor j's importance compared with factor is a ji = 1/a ij According to this judging scale, the following fuzzy judging matrix A is obtained: Transform judging matrix A to consistent matrix R. In daily life, due to the complexity of things and our limited understanding of fuzzy phenomena, it is common to have inconsistent judgement, causing inconsistency in the judging matrix. This is where consistent matrix comes in. Sum each row of matrix A = (a ij ) n × n:
Then transform it into:
Then fuzzy consistent matrix R = (r ij ) n × n is obtained. Normalise the sums in matrix R, and we obtain factor sequence vector
The detailed demonstration can be referenced in Xu (2001) .
Fuzzy complementary judgement matrix consistency test
In order to determine the validity of the importance weights of factors, we should carry out consistency test on fuzzy complementary judgement matrix. In the practical application, when there are too many factors on a certain layer, the fuzzy complementary judgement matrix may be inconsistent. This is when the expert should provide new judgement information until the matrix becomes consistent again.
The procedure of the test is as follows: a Calculate consistency index CI
When λ max = n, CI = 0, CI is completely consistent. The larger the value of CI is the less consistent of the judging matrix is. Usually when CI ≤ 0.1, the consistency of the judging matrix is acceptable, otherwise the factors should be compared with each other again. b Random consistency index RI The larger the dimension n of the judging matrix is, the less consistent the judgement is. Therefore, consistency requirements for high dimension judging matrix should be lower. Feature value RI is therefore introduced. We are looking for the average random consistency index RI. Saaty gave the value of RI for n = 1, 2, …, 9 as shown in Table 2 . The value of RI is obtained in this way: construct a matrix of 500 samples randomly, pick numbers from 1 to 9 and their reciprocals randomly and construct positive reciprocal matrix and obtain the average value of maximum characteristic root max , λ and define
c Calculate consistency value ratio CR CI CR RI It is usually supposed that when CR < 0.1 comparison matrix A is consistent, or its inconsistency level is acceptable, otherwise the matrix A needs adjustment until the consistency level is satisfactory again. Then the maximum characteristic value's corresponding characteristic vector is normalised to make all components larger than 0 and the sum is 1. The normalised vector is the weight vector, which represents the influence of every factor on the indices on the upper layer.
5 Layer arrangement.
In the above we obtain the weight vector of factors in the same group on a certain factor on the upper layer, while our ultimate goal is the bottom layer. We arrange the order of weights of different solutions to the target, so as to select the best solution. This requires us to combine weights under single principle from top to bottom, and at last obtain the total sequence weight.
Basic procedure of FCE
1 Determine factor set of target to be evaluated
The factor set of target to be evaluated is the set made of index P from the model: u = {u 1 , u 2 , u 3 , .., u p }.
Determine comment set
The comment set is the set of different comments on the object and indices v = {v 1 , v 2 , v 3 , …, v v }. Each order corresponds to a fuzzy subset.
3 Single factor evaluation For every index in the factor set, we evaluate them and obtain the proportion of different comments of an index. This proportion serves as the row, and different index as the column and a fuzzy relationship matrix is constructed. Factor r ij is on line i column j, and indicates the membership of a certain evaluated index to the order fuzzy subset from the perspective of factor. The performance of an evaluated item in a certain aspect is described by a fuzzy vector, and it is usually described by the real value of an index in other evaluative method. Therefore, FCE requires more information (Li, 2004) .
4 Determine the weight vector of the evaluated factor.
In FCE, we determine the weight vector of the evaluated factor: A = (a 1 , a 2 , a 3 , …, a p ). Factor a i in weight vector A is essentially the membership of u i (the importance factor of the evaluated object) to the fuzzy operator. This article applies AHP to determine the order of relative importance between evaluative indices, so as to determine weight coefficients and normalise before synthesis, i.e.: Table 3 . Table 3 Features of common operators 
Introduction of the P-S-R model
In order to avoid subjectivity and arbitrariness of the setup of the model, this articles selects the pressure-status-response model (P-S-R) proposed by OECD as its framework, i.e., the principle layer in AHP, while solution layer is composed of the corresponding indices of ecological pressure, status and response. P-S-R was first proposed by Tony Friend and David Rapport to analyse the relationship between environmental pressure, status and response. In the 1970s, OECD modified the model for environmental report; in the 1980s and 1990s, OECD carried out applicability and effectiveness evaluation when researching on environmental indices. Currently many governments and organisations still regard P-S-R model as the most effective framework in environmental index system and environment evaluation (OECD, 2004) .
P-S-R model is causality-based, i.e., human activities exert influence on environment, because of which the environment changes its previous nature or the quantity of natural resource (status). Mankind reacts to these changes through environmental, economic and management strategies, so as to restore the quality of environment or prevent it from worsening (Jiang, 2003) . It has three aspects that are related but different: pressure indices include indirect pressures that drive environmental problems (such as human activities) and direct pressures (such as resource utilisation, discharge of pollutants). These indices mainly describe the influences and threats of natural process or those brought by human activities. Their appearance is closely related to the consumption pattern of mankind, and reflects the strength of resource utilisation and its trend of change in a particular period. Pressure indices mainly include ecological system and natural environment, human life quality and health, etc. They reflect changes of environmental factors and the ultimate goal of environmental policy. The selection of indices mainly considers environmental or ecological system's biological, physical, and chemical features and ecological functions. Response indices reflect social or personal measures taken to stop, alleviate, prevent or restore those environmental changes unfavourable for the survival and development of mankind, such as education, legislation, marketing and technological innovation (OECD, 2004) .
The pressures brought out by human activities because diminishment of species in the ecological system and the reduced productivity, change the main composition of species in the biological system, reduce its restorative power and resistance. Only when mankind truly realises these pressures and their influences will they make responses. In order to qualify and quantify pressure, status and response, an index system needs to be established. P-S-R model is currently one of the most widely used index systems, and has been widely used in land quality index system research, agricultural sustainable evaluation and environmental investment analysis (Ma and Zhang, 2002; Tong, 2000) .
Determine the solution layer of the evaluative model
According to the P-S-R model's definition of pressure, status and response, after referencing Yang (2004 Yang ( , 2010 , Kong (2010) and other scholars' work in the field of ecological security research, and in consideration of the current conditions in coal mine ecological system, we have selected a total of 27 indices, which as shown in Table 4 . Pressure refers to the factors that influence ecological security in the coal mining area during the process of mining; status refers to the specific conditions of the coal mine ecological security in a period of time; response refers to the measures taken after the coal mine ecological security has been threatened. Each latent variable is reflected by several observable variables through different observational perspectives. 
Questionnaire design and data acquisition
This article gathers empirical data by questionnaire and interview. In November 2015, the project team went to a coal group in Zhengzhou, Henan Province, China, and conducted questionnaire on the workers of its three coal mines, and interviewed the main management personnel of the group and the mines. The questionnaire included fifteen questions of basic information and thirty questions on ecology in the coal mines, with a total of forty five questions. The basic questions included the position of the questioned, working time, educational background, time of questionnaire, output of the coal mine, etc. Ecological questions were specially designed according to every index from the solution layer of the model. The interviewees were the managers, directors responsible for environmental affairs and other managerial staff of the three mines. The interview was mainly concerned with the evaluative model, and expanded towards the appearance and handling of ecological problems, the application of related technology and the implementation of policies. During the process, they also served as experts to compare the level of importance of indices from the solution layer of the model.
Analysis based on AHP-FCE
The gathered data will be used to carry out empirical analysis of the above method and model to test the applicability of the method. Below is the solution process of ecological pressure B 1 and its index weights (D 1~D7 ). The solutions of the weights of other indices are similar and are therefore omitted here due to the limit of space. Their results are directly given below.
Weight through AHP
1 Construct a fuzzy judging matrix
After the interview, according to the fuzzy judging scale and in a two rate, we obtain the fuzzy judging matrix: 
Single index evaluation
We use v 1~v5 to evaluate each index and sum up their proportion. The results are shown in Table 5 . The above indices and comment hierarchy form a single factor evaluation matrix R. Each factor is r ij , i = 1, 2, 3, 4, 5; j = 1, 2, 3, …, 27.
Comprehensive evaluation
The selected operator is M( , ), and the corresponding formula is FCE calculates the membership of the target belonging to whichever the larger of each category (V 1~V5 ), i.e., V 1 = 0.100803367, V 2 = 0.229914575, V 3 =1, V 4 = 0.757559381, V 5 = 0.056242478, in which V 3 is the largest. Therefore the ecological security of the coal mine belong to V 3 , i.e., ordinary.
Conclusions
By using AHP and FCE method in Zhengzhou coal mine ecological security evaluation, we can draw the following conclusions:
coal washing rate (D 7 ). This means that at the time of the survey, groundwater contamination is the biggest factor affecting the ecological security status of coal mine. (D 19 ) and the quality of staff (D 27 ). This means that at the time of the survey, industrial waste water treatment rate is the biggest factor affecting the ecological security response of the coal mine area. What's more, the weight of industrial waste water treatment rate is also the biggest among all indicators. It indicates that the industrial waste water treatment rate is the biggest factor affecting the ecological security of the entire coal mine area.
4 The weights of the ecological security pressure, status and response are 0.105, 0.258 and 0.637. It indicates that the ecological security response has the greatest impact on the ecological security of coal mine area, and plays an important role.
5 According to the results of the application of AHP and FCE method, the ecological security level of the coal mine area in the instance is 'ordinary'.
Discussion and implications
This article constructs an index system of coal mine area ecological security evaluation, using the AHP to calculate the weight of indices, finds out the largest influence factor of indices, and then by using FCE determines the ecological security level of coal mining area, the result of which is 'medium'. The application of AHP and FCE method in the coal mining area shows that the two methods can find out the related factors affecting the ecological security, make a clear evaluation of the levels of ecological security in coal mining area, and provide the basis for mine managers and governmental departments to improve ecological security of the mining area. It has a strong practical significance.
Due to the limitation of time and resources, this article still has many limitations. First, the case analysis of the selected object is Zhengzhou coal mine, and the applicability to other regions still needs to be tested. Second, questionnaires are not big enough because of the limitation of time and scale of the coal mine area. Third, the results of the questionnaire are affected by the people's subjectivity and the investigators' hope for good results, which means that data will be in favour of the best side.
In the next stage, we will improve the research according to the deficiencies of the previous studies in the following aspects. First, we will include provinces that have more coal resources, such as Shanxi, Inner Mongolia, Shaanxi, Xinjiang and so on. We will select larger local coal mining enterprises to carry out research, collecting more data to modify and validate the model. Second, based on the ecological security evaluation in coal mine area, we will study early warning of ecological security, so that we can give early warning before the destruction of the ecology in coal mining area and reduce the loss.
